Abstract. We examine six near-Earth dipolarization events during which rapid flows were observed by Geotail at distances between 8 and 15 R E in the magnetotail. Each flow event was associated with local dipolarization, auroral arc brightening, and Pi2 pulsations (periods of 40-150 s). Variations in earthward flow velocity delayed by 60-90 s match the Pi2 waveforms on the ground at low latitudes on the flank. We conclude that low-latitude Pi2 pulsations are directly driven by compressional pulses associated with braking of oscillatory earthward flows. In addition, we identify a new type of nightside Pi2, which is related to the oscillatory braking current that modulates the current in the substorm current wedge. For one event we estimate the magnitude of the braking current from the amplitude of ground perturbations and find I•-2-3xl 04 A. An independent calculation of the inertial current using the flow measurements yields 6x 104 A.
middle magnetotail, they are rarely observed inside of 10 R E, suggesting flow deceleration in that region [Baumjohann et al., 1990; Angelopoulos et al., 1994] . Magnetohydrodynamic (MHD) simulations have also linked the generation of the substorm current wedge to flow braking [e.g., Birn and Hesse, 1996] . Midtail plasma flows are observed in the tail a few minutes before the low-latitude Pi2 onset on the ground [Nagai, 1998 ], and these Pi2 are thought to be connected to braking (see, e.g., Yumoto et al., [1989] ). Low-latitude Pi2 are just a few nanoteslas in amplitude with periods typically at the low end of the Pi2 period band (-50 s). The frequency of these Pi2 is constant with latitude, and they are sometimes observed on the dayside [Sutcliffe and Yumoto, 1989] .
The relation between flow braking and low-latitude Pi2 has not been established. It has been suggested that the deceleration of the flow burst serves as a source of broadband power that drives an inner magnetospheric oscillator (such as the plasmasphere). If the compressional signal contains power at the resonant frequency of the oscillator (the cavity), cavity mode pulsations are generated. Many papers have attributed low-latitude Pi2 to cavity mode oscillations in the plasmasphere where standing compressional waves are confined radially by the equatorial ionosphere and the plasmapause [e.g., Yeoman and Orr, 1989; Sutcliffe and Yumoto, 1991] . However, Kepko and Kivelson [1999] have recently suggested that low-latitude Pi2 are directly driven by periodic flow enhancements in the tail and are not driven by a cavity mode.
In this paper, we examine six separate flow burst events observed in the magnetotail to establish the connection between flow bursts, Pi2, and braking. The events are from times when Geotail perigee was located in the nightside plasma sheet between 8 and 15 R E. The events were selected because they followed low levels of geomagnetic activity. We find strong evidence in support of the proposal that low-latitude Pi2 are directly driven and that the periodicity is imposed by periodic flow bursts without the need for an intermediate oscillator [Kepko and Kivelson, 1999] . Additionally, we find a new type of Pi2 directly related to transient flow braking. We calculate the inertial current associated with flow deceleration in two independent ways and find good agreement. Finally, we present a phenomenological model unifying flow bursts, braking, the substorm current wedge, and the different types of Pi2 pulsations.
Events
All six events studied in this paper occurred during a wide range of geomagnetic activity (Figure 1) while Geotail was in the near-Earth magnetotail close to Sun-Earth line (Figure 2) . In each event, fast, intermittent plasma flows and magnetic field dipolarization occurred in the span of a few minutes. In addition, each event was associated with auroral arc brightening and ground Pi2 pulsations. Geotail plasma moments are from the lowenergy particle (LEP) experiment [Mukai et al., 1994] While similar, the flow variations and the ground perturbations do not match exactly. In particular, the third burst seems to require a smaller time shift than the +60 s applied, and the fourth burst at 0952:30 UT (time shifted to 0953:30 UT) is well away from the perturbations near 0953 UT. We will discuss reasons why time shifts may change during an event in section 3.1., but for now we note that the first flow burst at 0947 UT had a large 
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The positions of the ground stations and Geotail are shown in Figure 2e . Geotail was located at (-13.6, 0.3, -1.2) R E in GSM coordinates. Polar UVI images indicate that this was a minor breakup. Auroral indices were not available, but Dawson of the Canopus magnetometer array was located near the breakup and showed a small negative bay (Figure 1 e) .
The magnetic field and particle data from Geotail are shown in Figures 10a and 10b . A large, variable, flow burst was observed starting at 1128 UT, which lasted for---6 min. The magnetic field was highly variable during this period, and there was significant B z transport. Magnetic field data from the ground stations are shown in Figures 10c and 10d 
Discussion
In the previous section we showed several events in which large earthward flows were observed in the near-Earth magnetotail near local midnight. The flow events were associated with varying degrees of dipolarization, auroral arc brightening, and electrojet intensification. Temporal modulations of the flow velocity measured in the near-Earth magnetotail by the Geotail spacecraft match Pi2 waveforms on the ground. Table 1 summarizes the delay between the Pi2 pulsations measured on the ground and the flow bursts in the magnetotail. In some instances an accurate delay time could not be determined. same polarization and amplitude characteristics as the TR pulsations but arising from a different source mechanism that is directly related to transient flow braking. These we call inertial current (IC) Pi2 pulsations. Finally, we will argue that the lowlatitude Pi2 presented in this paper are directly driven by flow variations, and hence we call these directly driven Pi2 pulsations. We present a simple model for propagation of fast-mode wave fronts from the flow-braking region to low-latitudes on the flank and dayside. Because we are uncertain as to whether it is the compressional or Alfvdnic wave mode detected at low latitudes on the nightside, we do not discuss these Pi2 explicitly, though we feel the directly driven model can account for them.
As outlined in the introduction

Flank/Dayside Pi2
In a previous paper [Kepko and Kivelson, 1999], we reported on Pi2 pulsations observed on the flanks at low latitudes on the ground and in space outside the plasmasphere by two GOES spacecraft. These Pi2 pulsations were preceded by flows in the middle magnetotail with very similar waveforms. We concluded that these pulsations were most probably directly driven by the oscillatory flow observed on the nightside. The six events presented here support this conclusion. The relation of the flow modulation to the waveforms is again present in these additional events. Clearly, Geotail was located well outside the plasmasphere in all events and could not have been observing plasmaspheric oscillations.
Briefly, the braking of the periodic flow bursts generates compressional pulses that in turn, on the flanks and dayside, couple to Alfv6n waves [see Kepko and Kivelson, 1999, Figure  11a] . On the nightside, ground stations may observe both a compressional and an Alfv6nic component. The periodicity of the flow bursts establishes the Pi2 frequency at low latitudes. In one respect, the model is similar to the sudden commencement model of Tamao [1964] . There, an increase in solar wind dynamic pressure compresses the dayside magnetopause and launches a compressional wave tailward. If the wave is confined to the equatorial plane, Alfv6n waves travel along field lines to the ionosphere. However, the two models differ in that the fast-mode wave of the SC model communicates the new compressed configuration of the magnetosphere to the flanks and nightside and leads to the formation of new large-scale field-aligned currents. In the directly driven Pi2 model the field lines at low latitudes are only momentarily displaced by the compressional pulse, and it is the pressure gradients created by dipolarization that create the current systems associated with convection. Note that it is not necessary for the flow to return to zero between bursts to generate Pi2. It is the relative rapid increase in the flow velocity that alters pressure balance at the tail/dipolar interface, and any sudden increase in flow velocity above the background will launch a compressional signal sunward.
Although we have applied a constant time shift to the flow data to compare with the ground magnetometer data, it is clear that in some cases a fixed time shift is not appropriate for an entire event (see, e.g, the September 4, 1997, and September 27, 1998, events). The delay to the ground stations is determined by the sum of the travel time of the flow to the braking region and of the fast-mode wave front sunward away from the braking region to the inner magnetosphere. The flows clearly are not constant in amplitude or direction and the location of the braking region moves tailward as flux is transported earthward. All of these effects alter the fraction of the distance over which the signal propagates at the fast-mode velocity as opposed to the bulk flow velocity. The delay from flow burst to ground Pi2 for the September 4, 1997, event seemed to depend greatly on the sign of Vy, as did the September 27, 1998, event. In both cases, when Vy was in the direction of the stations the delay was smallest. Read 98/9/27 as September 27, 1998.
We note that the delay for the July 22, 1998, event appears to be relatively constant, even though it has the longest duration and is therefore most likely to be affected by changes at the tail/ dipolaf interface. Geotail is in the dipolaf region for this event, and the signal is propagating at the fast-mode velocity, which remains relatively constant earthward of Geotail. Therefore variations in the flow velocity or changes in the location of braking have no effect in determining the delay from Geotail to the ground.
As the fast-mode propagates sunward, it perturbs field lines and Alfv6n waves propagated to the ionosphere. Several predictions follow from the directly driven scenario:
1. The pulsations should appear as odd-mode pulsations in the magnetic field. Accounting for a 90 ø ionospheric rotation [Hughes, 1974] However, they also show small positive perturbations just prior to these, suggesting that our model of an equatorally confined fast mode wave coupling to Alfv6n waves is too simplistic. There may be a mixture of modes at these local times and latitudes. It is important to note that the largest-amplitude perturbations (and the ones that are most likely to be directly driven) are in the direction predicted. An extension of this prediction is that concurrent pulsations on opposite flanks will be 180 ø out of phase. We have only I event for which we have simultaneous opposite flank magnetometer data, but uncertainty in Pi2 onset times precludes cross-phase analysis. Some previous work has reported opposite polarizations at the two flanks [e.g., Sutcliffe, 1981 The field-aligned current (j,) that forms the substorm current wedge is fed by a diversion of the perpendicular current (jñ),
where p is the number density, B is the magnetic field, P is the thermal pressure, and u is velocity. In order to understand the generation of TR-Pi2s, it is useful to distinguish clearly the contributions of the two terms in (2). The first term on the fighthand side (RHS) (which we define as Jinrt ) is the inertial current. In Figure 12 we show idealized examples of mid-latitude signatures that occur as a result of an oscillatory flow burst of the type observed by Geotail and presented in this paper. They illustrate the ground signatures of the current systems described above. We first show the perturbations due to a traditional substorm current wedge system, accounting for contributions arising from Jx7•, only, with no reflection of the incoming Alfv6n wave, and no braking current, Jinrt (Figure 12a ). This produces a positive bay at midlatitudes where the magnetic perturbations are imposed by the field-aligned portion of the SCW and there are no Pi2s. If we include reflection (i.e., an impedance mismatch between the magnetosphere and ionosphere), the traditional midlatitude Pi2 (which we term TR Pi2) riding a positive bay is generated as illustrated by the transient response model (Figure  12b incoming Alfvdn wave associated with the switching on of the substorm current wedge current will not reflect from the ionosphere if the ionospheric conductivity is low. We note that magnetospheric activity was quite low before two of these events, and nightside ionospheric conductivity may have been exceptionally low. We suggest that a priming of the nightside ionosphere must occur before TR Pi2 are observed.
Estimate of the Braking Current
We 
Conclusions
We have examined six events in which the Geotail spacecraft observed periodic flow enhancements near the braking region. All six preceded Pi2 pulsations with similar waveforms on the ground by -1-3 min. We believe that these observations combined with the wide body of previous research on Pi2 pulsations are consistent with the following scenario (summarized in Figure 15 ): 1. A bursty bulk flow with flow enhancement hits the dipolar inner magnetosphere, launching an equatorally confined compressional pulse. The antisunward flow bursts repeat quasiperiodically. 2. As each compressional pulse travels antisunward, it perturbs field lines, thus producing a single Pi2 impulse on the ground. A series of compressional pulses produces a Pi2 train, and the waveforms of these pulsations match the waveforms of the flow bursts in the magnetotail. We term these "directly driven Pi2." Stations on the flank observe Alfv6nic perturbations, and we suggest that stations on the nightside at low latitudes may observe compressional perturbations, though more work is required before a definitive statement can be made.
3. As a flow burst is decelerated or braked at the tail/dipolar transition region a transient current flows from dusk to dawn in the equatorial region. Closure currents flow toward and away from the ionosphere in the auroral zone and contribute to the substorm current wedge. We refer to this transient current as the inertial current system. These currents flow only while the flow is decelerating. The process drives Pi2 pulsations localized to the nightside with polarization parallel to the substorm current wedge perturbations, including the phase reversal at midlatitudes. The waveforms of these Pi2 match the waveforms of the flow bursts.
We call these inertial current (IC) Pi2s.
4. An additional, larger contribution to the current of the substorm current wedge, driven by pressure gradients and flow shears, extends over larger distances in y and x and flows longer (tens of minutes to an hour) than the inertial currents. If an impedance mismatch between the ionosphere and magnetosphere exists, the leading edge of this current system is reflected. This sets up a Pi2 with the period determihed by the flux tube bounce time, typically longer than the period of flow variation. These Pi2, which we have termed transient response (TR) Pi2, do not match the waveform of the flow bursts (not shown in Figure 15 ).
